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Abstract

Summer-weight clothing articles impregnated with permethrin are available as a personal 

protective measure against human-biting ticks in the United States. However, very few studies 

have addressed the impact of contact with summer-weight permethrin-treated textiles on tick vigor 

and behavior. Our aim was to generate new knowledge of how permethrin-treated textiles impact 

nymphal Ixodes scapularis ticks, the primary vectors in the eastern United States of the causative 

agents of Lyme disease, human anaplasmosis, and human babesiosis. We developed a series of 

bioassays designed to: (i) clarify whether permethrin-treated textiles impact ticks through non-

contact spatial repellency or contact irritancy; (ii) evaluate the ability of ticks to remain in contact 

with vertically oriented permethrin-treated textiles, mimicking contact with treated clothing on 

arms or legs; and (iii) determine the impact of timed exposure to permethrin-treated textiles on the 

ability of ticks to move and orient toward a human finger stimulus, thus demonstrating normal 

behavior. Our results indicate that permethrin-treated textiles provide minimal non-contact spatial 

repellency but strong contact irritancy against ticks, manifesting as a “hot-foot” effect and 

resulting in ticks actively dislodging from contact with vertically oriented treated textile. 

Preliminary data suggest that the contact irritancy hot-foot response may be weaker for field-

collected nymphs as compared with laboratory-reared nymphs placed upon permethrin-treated 

textile. We also demonstrate that contact with permethrin-treated textiles negatively impacts the 

vigor and behavior of nymphal ticks for > 24 h, with outcomes ranging from complete lack of 

movement to impaired movement and unwillingness of ticks displaying normal movement to 

ascend onto a human finger. The protective effect of summer-weight permethrin-treated clothing 

against tick bites merits further study.
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1. Introduction

Treatment of clothing with the synthetic pyrethroid pesticide permethrin has long been 

known to protect against exposure to ticks, including human-biters and pathogen vectors 

such as the Lone star tick (Amblyomma americanum), the American dog tick (Dermacentor 
variabilis), the Pacific Coast tick (Dermacentor occidentalis), the blacklegged tick (Ixodes 
scapularis), the western blacklegged tick (Ixodes pacificus), and the common tick (Ixodes 
ricinus) (Schreck et al., 1978, 1980, 1982a, 1986; Mount and Snoddy, 1983; Lane and 

Anderson, 1984; Lane, 1989; Evans et al., 1990; Faulde et al., 2003). Field evaluations of the 

protective effect against crawling ticks or tick bites afforded by wearing permethrin-treated 

clothing have included: (i) uniforms or summer-weight clothing treated by soaking in a 

permethrin solution (Schreck et al., 1980, 1982a, 1982b; Evans et al., 1990; Miller et al., 

2011); (ii) uniforms or coveralls treated with pressurized permethrin spray (Schreck et al., 

1982a, 1986; Mount and Snoddy, 1983; Lane and Anderson, 1984; Lane, 1989; Evans et al., 

1990; Jordan et al., 2012); and more recently (iii) factory-impregnated uniforms or summer-

weight clothing treated via polymerization of permethrin onto the fiber surface (polymer-

coating method) or other proprietary permethrin impregnation methods (Faulde et al., 2008, 

2014; Miller et al., 2011; Vaughn and Meshnick, 2011; Vaughn et al., 2014; Richards et al., 

2015). These studies collectively demonstrate that wearing permethrin-treated clothing, 

especially garments that cover most of the body surface, can reduce the risk of tick bites.

Less attention has been given to the behavior and fate of a tick that approaches or makes 

initial contact with permethrin-treated clothing. Such information is critical to better 

understand how the level of protection against ticks is influenced by the portion of the body 

surface covered by permethrin-treated garments. For example, permethrin-treated textiles 

may protect against ticks through non-contact spatial repellency. In this scenario, ticks 

approaching a treated textile would avoid making physical contact with it. Alternatively, 

permethrin-treated textile may impact ticks primarily through contact irritancy (also referred 

to as contact repellency or tick repellency sensu stricto; Bissinger and Roe, 2010; Halos et 

al., 2012). In this scenario, ticks would readily make physical contact with a treated textile 

but then experience discomfort and attempt to escape contact with the irritant surface. The 

terminology used here to describe how exposure to permethrin-treated textiles impacts tick 

behavior – resulting in non-contact spatial repellency versus contact irritancy – stems from a 

previous study on pesticide exposure of mosquitoes (Grieco et al., 2007). We use the term 

contact irritancy (rather than contact repellency) because it aptly describes the physical 

response of a tick that makes contact with a permethrin-treated textile: the tick displays an 

irritant “hot-foot” effect (Halos et al., 2012) and then actively strives to escape contact with 

the treated textile.

Field observations for adult I. pacificus or D. occidentalis ticks indicated that permethrin-

treated clothing acts primarily as a contact irritant rather than a non-contact spatial repellent 
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(Lane and Anderson, 1984; Lane, 1989). A laboratory bioassay providing a choice for D. 
occidentalis adults to move onto permethrin-treated versus non-treated cloth showed that the 

ticks readily moved onto the permethrin-treated textile rather than avoiding contact with it 

(Lane and Anderson, 1984). As long as permethrin-treated clothing is acutely toxic to ticks, 

a lack of non-contact spatial repellency is not necessarily problematic. A tick that initially 

contacts human skin and only thereafter approaches a permethrin-treated garment may, if 

strongly repelled by the treated textile, simply retreat and locate another attachment site. In 

contrast, a lack of non-contact spatial repellency may lead to the tick walking onto or 

underneath the permethrin-treated garment. In this scenario, the tick may be exposed to a 

dose of permethrin sufficient to either cause it to dislodge from the treated textile (and 

human host) or prevent it from biting before perishing from the toxic effect of the 

permethrin. This reasoning raises the additional question of whether ticks become 

incapacitated and unable to bite after realistically brief contact with a permethrin-treated 

garment.

Initial bioassays with permethrin-treated textiles were performed with ticks being held in 

continuous contact with the test textile for a pre-determined period of time and then assessed 

at fixed time points after contact for morbidity/mortality (defined as impaired movement or 

complete lack of movement even when encouraged to move by prodding or a human breath 

stimulus; Schreck et al., 1978; Lane and Anderson, 1984; Lane, 1989). In these studies, the 

vast majority of A. americanum nymphs and D. occidentalis and I. pacificus adults were 

classified as moribund or dead 1 h after exposure to permethrin-treated textile for no more 

than 1–2 min. Similarly, Schreck et al. (1986) noted that field-collected I. scapularis (I. 
dammini) and D. variabilis ticks lost control of normal movement and eventually died after 

contact with permethrin-treated clothing for ≥15 s. More recent laboratory bioassays have 

focused on determining the length of time ticks need to be held in continuous contact with a 

permethrin-treated textile to experience knockdown, defined as inability to move/migrate 

(Faulde et al., 2003; Faulde and Uedelhoven, 2006). In these studies, 5–7 min of contact 

with military uniform textiles impregnated with permethrin using the polymer-coating 

method was required to achieve high levels of knockdown for field-collected I. ricinus 
nymphs. The main difference between these two types of toxicity bioassays is that the 

former approach allows for delayed effects of permethrin exposure to manifest before the 

ticks are scored for vigor, whereas the latter approach is logistically more straightforward, 

with less manipulation of the ticks as part of the evaluation process, and therefore may 

generate better standardized data across types of treated textiles, tick species, and life stages. 

The choice of approach to use therefore should be guided primarily by the specific question 

to be answered by the toxicity bioassay.

In the United States, summer-weight clothing articles impregnated with permethrin are 

commercially available under several brand names, with treated garments ranging from 

socks to shorts, long pants and leggings, and short- and long-sleeved shirts. A single 

published study has evaluated the protective effect of wearing permethrin-treated summer-

weight clothing (shoes, socks, shorts, and t-shirts) against challenges by a vector tick (Miller 

et al., 2011). This seminal study focused on nymphal I. scapularis ticks, the primary vectors 

in the eastern United States of the causative agents of Lyme disease, human anaplasmosis, 

and human babesiosis (Mead, 2015; Eisen et al., 2016). Use of permethrin-treated clothing 
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articles, as compared with similar but non-treated clothing, not only reduced the number of 

laboratory-reared nymphs that attached after being introduced onto human volunteers but 

also led to the majority of attached nymphs dying within hours of their attachment (Miller et 

al., 2011).

Our aim in this study was to generate new knowledge for how I. scapularis nymphs behave 

when approaching or making initial contact with permethrin-treated textiles, and how their 

vigor is impacted after brief periods of contact with permethrin-treated textiles. We therefore 

developed a series of bioassays designed to: (i) clarify whether permethrin-treated textiles 

impact ticks through non-contact spatial repellency or contact irritancy; (ii) evaluate the 

ability of ticks to remain in contact with vertically oriented permethrin-treated textiles, 

mimicking contact with treated clothing on arms or legs; and (iii) determine the impact of 

timed exposure to permethrin-treated textiles on the ability of ticks to move and orient 

toward a human finger stimulus, thus demonstrating normal behavior. A final aim that 

emerged as we developed these bioassays and were able to observe the behavior of nymphal 

I. scapularis ticks coming into contact with permethrin-treated textiles was to generate a 

refined classification scheme for the vigor of the ticks after they were exposed to treated 

textile.

2. Materials and methods

2.1. Source of permethrin-treated textile and nymphal I. scapularis ticks

The permethrin-treated textile used to develop the bioassays came from a single Insect 

Shield® 100% cotton T-shirt (Insect Shield, LLC, Greensboro, NC, USA). The permethrin-

treated test textile was in pristine condition (not washed or worn) for all bioassays. 

Laboratory-reared I. scapularis nymphs used in the process of developing and evaluating the 

bioassays originated primarily from tick colonies maintained at the Centers for Disease 

Control and Prevention, Division of Vector-Borne Diseases, Fort Collins, CO. These ticks 

included first, second, and third generation nymphs originating from females collected in 

Fairfield County, CT (CT15, CT14 and CT13, respectively), and first generation nymphs 

(MN15) originating from females collected in Anoka County and Washington County, MN. 

Bioassays performed to examine non-contact spatial repellency also included I. scapularis 
nymphs (OSU) from the Oklahoma State University Tick Rearing Facility (Stillwater, OK, 

USA). Laboratory-reared nymphal ticks used in the assays were 4–5 mo post-molt. Prior to 

being used the nymphs were held within desiccators (90–95% RH) in a growth chamber 

maintained at 21–22 °C with a 16:8 h light:dark cycle. Field-collected I. scapularis nymphs 

(CT-field) of unknown age used in the assays originated from multiple collection locations 

within Fairfield County, CT, in 2016. Field-collected nymphs were held in the laboratory at 

room temperature in desiccators (85–90% RH) for ≥2 wk before being used.

2.2. Classification scheme for tick vigor after contact with permethrin-treated textile

Previous studies to determine the impact of pesticides on the vigor of I. scapularis ticks 

classified them as either dead or moribund if treated ticks failed to show any signs of life or 

were incapable of moving, maintaining normal posture, coordinating their legs, or righting 

themselves, including when breathed upon or physically stimulated (Maupin and Piesman, 
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1994; Panella et al., 2005; Dolan et al., 2007). Another general scheme to represent stages of 

tick poisoning after pesticide exposure based on their capacity for movement was presented 

by Uspensky and Ioffe-Uspensky (2006). Based on our initial observations of I. scapularis 
nymphs after contact with a permethrin-treated textile, we developed refined methodology 

and a modified classification scheme to score tick vigor at various post-exposure time points. 

We avoid using the terms dead (due to the difficulty in distinguishing ticks that are alive but 

stunned from dead ticks) and moribund. Instead, we use terminology that describes the level 

of physical activity displayed by ticks following introduction onto a non-treated filter paper 

surface and stimulation of activity via gentle physical prodding and human breath. Tick 

vigor following stimulation of activity was scored across four categories of capacity for 

movement: (i) tick completely motionless; (ii) tick capable of some movement of the legs 

but unable to right itself or walk; (iii) tick capable of righting itself but not able to move in a 

coordinated way or readily orient toward a stimulus; and (iv) tick displaying normal 

movement and response to a stimulus (Fig. 1). Ticks in categories (i–iii) present no more 

than minimal risk of biting at the point in time they were examined, whereas ticks in 

category (iv) may present risk of biting. Ticks that were scored as displaying normal 

movement (iv) were further assessed to determine if they would ascend onto a finger when 

presented the opportunity. Normal behavior for nymphal ticks not exposed to permethrin-

treated textile is to rapidly ascend onto the tip of a finger.

2.3. Bioassays to distinguish non-contact spatial repellency from contact irritancy for ticks 
approaching a permethrin-treated textile

We explored various bioassays to distinguish non-contact spatial repellency from contact 

irritancy. One initial option was a “finger assay”, based on earlier bioassays where strong 

non-contact spatial repellents (e.g., DEET) are applied to skin or cloth wrapped around the 

center portion of a human finger (Schreck et al., 1995; Carroll et al., 2007). We modified the 

finger assay to specifically distinguish non-contact spatial repellency from contact irritancy 

for ticks approaching permethrin-treated textile: ticks were challenged to move upward 

along the first three phalanxes of a vertically positioned finger, where the first phalanx (tip of 

the finger) presents a normal finger surface as the tick introduction zone, the second phalanx 

is tightly wrapped with a 25-mm wide strip of non-treated or treated test textile, and the third 

phalanx again presents a normal finger surface. In this assay, non-contact spatial repellency 

would be displayed by ticks approaching but not making physical contact with the treated 

textile, whereas contact irritancy would be displayed by ticks moving onto the treated textile 

but then becoming visibly agitated and retreating to the normal finger surface below the 

treated textile or dislodging from the textile and tumbling off the finger completely. 

However, initial trials with non-treated cotton textile (JoAnn Fabric #1491315) revealed that, 

despite their strong natural tendency to move upwards along a vertical surface when seeking 

a host (Dietrich et al., 2006), ticks were reluctant to leave the skin surface used as the 

introduction zone and move upward onto the test textile. Out of 50 I. scapularis nymphs 

(OSU) that climbed onto the tip of the finger in this assay, only 12 (24%) moved upward 

onto the non-treated test textile within a 5-min observation period and only 1 tick crossed 

the textile to reach the skin surface above. We therefore concluded that this finger assay did 

not generate sufficiently strong directed movement to allow us to distinguish non-contact 

spatial repellency from contact irritancy.
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A second vertical assay was designed where ticks were introduced onto textile rather than 

skin to facilitate immediate and upward directed movement. This assay consisted of a 

playing card (64 mm wide by 89 mm tall) onto which was sewn: (i) a solid piece of non-

treated white cotton textile covering the entire card; and (ii) an additional 13-mm horizontal 

strip of non-treated or treated test textile, sewn on top of the non-treated background textile, 

with the upper end of the strip reaching the top of the card (Fig. 2A). The assay was 

performed with the textile-covered card positioned at a 45° angle. To provide an additional 

stimulus for upward movement, a finger was held along the top of the card after the ticks 

were introduced just below the treated strip. The same individual conducted all assay 

replicates for results presented here. Groups of 5 nymphal ticks (CT-15) per replicate were 

challenged, over a 5-min period, to approach and attempt to cross horizontal test textile 

strips in order to reach the finger located at the top of the card. Test strips were made from 

non-treated textile, permethrin-treated textile, or previously non-treated textile sprayed to 

saturation with 25% DEET from a pressurized spray can (Off! Deep Woods Insect 

Repellent, S.C. Johnson & Sons, Inc., Racine, WI) and then allowed to air dry for 15–30 

min. DEET was chosen as a positive control for non-contact spatial repellency based on its 

well documented history as an effective non-contact spatial repellent for ticks (Dautel et al., 

1999; Carroll et al., 2005; Bissinger and Roe, 2010; Dolan and Panella, 2011).

In this particular assay, non-contact spatial repellency would be displayed by ticks 

approaching but not making physical contact with the treated textile strip. Strong contact 

irritancy would be displayed by ticks moving onto the treated textile strip but then becoming 

agitated (hot-foot effect) and retreating to the non-treated surface below the strip, often by 

actively flipping over and tumbling downward. Normal behavior or weak contact irritancy 

would be displayed by ticks moving onto and crossing a non-treated or treated textile strip to 

reach the finger stimulus above the strip.

Finally, we modified a horizontal choice bioassay described previously by Lane and 

Anderson (1984) by introducing a human stimulus to induce directed tick movement (Fig. 

2B). The assay was conducted within a plastic petri dish (100 mm in diameter) divided into 

two equally sized halves to test 3 different combinations of textile surfaces: (i) non-treated 

textile and permethrin-treated textile; (ii) non-treated textile and DEET-treated textile; and 

(iii) permethrin-treated textile and DEET-treated textile. Ticks were introduced onto a 15 × 

15-mm square piece of non-treated textile (introduction zone) located in the middle of the 

petri dish with the lateral edges extending 7.5 mm onto the two test textiles. To induce 

directed movement away from the introduction zone and across non-treated or treated 

textile, human fingers were introduced 10 mm distant from each of the introduction zone’s 

lateral edges with the tip of each finger resting on the respective test textile. The same 

individual conducted all assay replicates for results presented here. Groups of 5 nymphal 

ticks (OSU) per replicate were challenged, over a 5-min period, to move from the 

introduction zone and cross one of the two textile test surfaces in order to reach the finger 

stimulus. Locations of ticks within the petri-dish were recorded at 1-min intervals based on 

whether they remained in the introduction zone, moved onto one of the test textiles, or 

ascended onto a finger-tip.
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2.4. Contact irritancy bioassay with ticks placed upon vertically oriented permethrin-
treated textile

We developed a novel contact irritancy bioassay to evaluate the behavior of ticks when they 

are introduced onto a permethrin-treated textile, such as when a tick transfers from a host-

seeking substrate onto a treated sock, pant leg or shirt. This assay employed a playing card 

(64 mm wide by 89 cm tall) onto which was sewn a solid piece of non-treated textile (same 

material as described in Section 2.3) or permethrin-treated textile (Fig. 3A). Trials were 

conducted with the assay card held at different (45 or 90°) vertical angles. Groups of 5 

nymphal ticks (laboratory-reared CT-15 or field-collected CT-field) were introduced onto the 

center of the textile-covered card and the number of ticks remaining on the card were 

recorded at 1-min intervals over a 5-min period. In this particular assay, strong contact 

irritancy would manifest as nymphal ticks becoming visibly agitated and actively dislodging 

from treated textile by flipping over and tumbling downward along the textile-covered card 

until they fall off the bottom of the card. Ticks placed on non-treated textile should not show 

signs of agitation, and if they fall off the assay card it should result from walking normally 

across its edges (bottom, sides, or top) rather than by the distinct tumbling downward motion 

typical of contact with a permethrin-treated textile. We also scored the vigor of the nymphal 

ticks (as described in Section 2.2) at 1 and 24 h after contact with non-treated or treated 

textiles. Field-collected nymphs were held at optimal conditions in the laboratory for ≥2 wk 

before being used in the assay.

2.5. Toxicity bioassay with timed exposure of ticks to permethrin-treated textile

Our toxicity bioassay was developed to determine the impact of timed contact with 

permethrin-treated textile on the ability of nymphal ticks to move and behave normally at 

selected time points post-exposure. We focused on brief contact times (seconds to a few 

minutes) to mimic realistic contact with vertically oriented permethrin-treated clothing 

articles worn during outdoor activities. Preliminary trials indicated that direct contact with a 

permethrin-treated test textile for 120 s was sufficient to render a majority of laboratory-

reared nymphal ticks incapable of normal movement at 1 h after exposure (data not shown). 

Non-treated filter paper or permethrin-treated textile were cut into circles (100 mm in 

diameter) and placed within a horizontal plastic petri dish arena (Fig. 3B). Groups of 10 

nymphal ticks (laboratory-reared CT-15 or field-collected CT-field) were introduced into the 

center of the arena and kept in continuous contact with the test surface for a pre-determined 

period of time, ranging from 10 to 120 s for permethrin-treated textile and 120 s for the non-

treated filter paper control. Filter paper was used as the negative control exposure surface for 

laboratory-reared nymphs because we found it to be much easier to transfer ticks displaying 

normal movement from filter paper than from non-treated textiles where ticks readily cling 

to cloth fibers requiring them to be forcibly dislodged. Trials with small numbers of field-

collected nymphs used non-treated textile as the negative control exposure surface. After 

exposure, ticks were held at room temperature in desiccators (90–95% RH) until they were 

scored for vigor. Field-collected nymphs were held at optimal conditions in the laboratory 

for ≥2 weeks before being used in the assay. Tick vigor was scored (as described in Section 

2.2) at various pre-determined time points after contact with a non-treated surface or treated 

textile.
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2.6. Data analysis

Due to the exploratory nature of bioassay development, a majority of the data presented here 

are descriptive. Statistical analyses are restricted to specific assay results where sample sizes 

were sufficient to allow for such data treatment. Statistical tests used, indicated in the text 

and tables, included Fisher’s Exact Test to compare proportions of ticks displaying specific 

behaviors or levels of vigor across types of text textiles, exposure times, or time periods 

elapsed after exposure to test textiles, and likelihood ratio test based on the expectation of 

equal numbers of ticks moving onto each test textile in the two-choice assay.

3. Results

3.1. Vertical bioassay to distinguish non-contact spatial repellency from contact irritancy

Results for laboratory-reared I. scapularis nymphs (CT15) indicate that the primary action of 

a permethrin-treated textile against approaching nymphal ticks is contact irritancy rather 

than non-contact spatial repellency (Table 1). Complete avoidance of physical contact with a 

test textile (non-contact spatial repellency) was displayed by a higher proportion (100%) of 

nymphal ticks approaching a DEET-treated textile strip as compared with either a 

permethrin-treated textile strip (6%) or a non-treated textile strip (4%) (Fisher’s Exact 2-

tailed Test; P < 0.001 in both cases). Of the nymphal ticks that made contact with 

permethrin-treated textile (n = 47) or non-treated textile (n = 48), a higher proportion 

dislodged from the permethrin-treated textile (74%) as compared with the non-treated textile 

(0%) (P < 0.001). The majority (88%) of the 48 ticks that walked onto the non-treated textile 

strip remained on the fabric for the entire 5-min observation period whereas only a small 

proportion (12%) crossed the strip to reach the finger stimulus above. In contrast, none of 

the 47 nymphs that walked onto the permethrin-treated textile strip remained on it over the 

entire 5-min observation period; they either dislodged from the strip (74%) or crossed it to 

reach the finger stimulus above (26%).

3.2. Horizontal choice bioassay to distinguish non-contact spatial repellency from contact 
irritancy

Laboratory-reared I. scapularis nymphs (OSU) given a two-way choice of moving onto non-

treated textile versus permethrin-treated textile or DEET-treated textile in order to reach a 

human finger overwhelmingly (72–94%) chose to move onto the non-treated textile rather 

than either type of treated textile (6–28%) (Likelihood ratio test based on the expectation of 

equal numbers of ticks moving onto either test textile; P < 0.005 in both cases) (Table 2). In 

the case of nymphal ticks given the choice of moving onto permethrin-treated textile versus 

DEET-treated textile in order to reach a human finger, the vast majority (88%) of ticks chose 

to move onto permethrin-treated textile (P < 0.001). Albeit the differences were not 

statistically significant, the overall probability of a tick having walked onto a test textile to 

also reach the finger stimulus tended to be higher for non-treated textile (39%, n = 80 ticks) 

and permethrin-treated textile (35%, n = 55 ticks) than for DEET-treated textile (11%, n = 9 

ticks).
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3.3. Contact irritancy bioassay with permethrin-treated textile: laboratory-reared ticks

Results for laboratory-reared I. scapularis nymphs (CT15) introduced onto non-treated or 

permethrin-treated textile in 45 and 90° angle vertical assays showed nymphal ticks to be 

significantly more likely to remain in contact with a non-treated textile as compared with a 

permethrin-treated textile at time points ranging from 1 to 5 min post-introduction (Table 3, 

Fig. 4). Five min after being introduced, 66% of ticks remained on non-treated textile 

positioned at 45° angle whereas 12% of ticks remained on permethrin-treated textile 

positioned at the same angle. For textiles positioned at 90° angle, 68% of ticks remained on 

the non-treated textile after 5 min as compared with 2% of ticks for the permethrin-treated 

textile. Ticks introduced onto a vertical permethrin-treated textile displayed distinct contact 

irritancy, resulting in ticks actively flipping over and tumbling downward until they reached 

the bottom of the assay card and then fell of the test textile. As illustrated in Fig. 4, this 

evasive downward tumbling action led to more rapid dislodgement of nymphal ticks from 

the treated textile held at a 90° angle as compared with a 45° angle.

We also scored tick vigor at 1 and 24 h after contact with either a non-treated or a 

permethrin-treated textile. All nymphs introduced onto non-treated textile displayed normal 

movement 1 h after contact and > 90% displayed normal movement after 24 h (Table 3). 

Regardless of the angle of the assay card, nymphal ticks contacting a permethrin-treated 

textile were significantly less likely than those contacting a non-treated textile to display 

normal movement, with the most pronounced difference seen 1 h after contact. Moreover, 

ticks exposed to treated textile in the 45° angle assay displayed normal movement less 

frequently (0%) 1 h after contact than those exposed in the 90° angle treated textile assay 

(32%) (Fisher’s Exact 2-tailed Test; P < 0.001).

We also noted a significant difference (P < 0.001) between the 45 and 90° angle treated 

textile assays 24 h after tick contact (14 and 48%, respectively, displaying normal 

movement), albeit less pronounced due to some previously stunned ticks having regained 

mobility at this post-exposure time point. These results are most likely related to the longer 

time nymphal ticks typically spent in contact with permethrin-treated textile in the 45° angle 

assay compared to the 90° angle assay.

We also document changes in tick vigor at 1 versus 24 h after contact with permethrin-

treated textile. Presumably due to delayed toxicity after contact with treated textile, the 

proportions of ticks scored as being completely motionless increased from 1 to 24 h after 

contact with permethrin-treated textile held at 45° angle (P < 0.001) and 90° angle (P < 

0.001).

3.4. Contact irritancy bioassay with permethrin-treated textile: field-collected ticks

Albeit based on small sample sizes and nymphal ticks of unknown age, Table 3 includes 

preliminary data for field-collected nymphs in the contact irritancy bioassay. In striking 

contrast to the laboratory-reared ticks, all field-collected ticks remained on treated textile 

positioned at 45° angle over the full 5-min observation period. However, similar to the 

laboratory-reared ticks, the vast majority (90%) of field-collected ticks failed to display 

normal movement 1 and 24 h after contact with the treated textile.
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3.5. Toxicity bioassay: tick vigor in relation to contact time with permethrin-treated textile 
and time elapsed from end of contact

Several notable descriptive results emerged from the toxicity bioassay where laboratory-

reared I. scapularis nymphs (CT15) were held in continuous contact with permethrin-treated 

textile for 10, 30, 60, or 120 s and then scored for vigor at time points ranging from directly 

after exposure to 7 d later (Table 4, Fig. 5). All negative control ticks held in contact with 

filter paper for 120 s displayed normal movement for all examined post-exposure time 

points, and 29 of 30 nymphs ascended a finger when given the opportunity at the final time 

point 7 d post-exposure (Table 4).

Directly after contact with permethrin-treated textile, regardless of exposure time from 10 to 

120 s, all nymphs (n = 120) displayed normal movement but none ascended onto a finger. At 

15 and 30 min after contact, ticks displayed variable vigor with all ticks still capable of some 

movement but most ticks (53–100% across exposure times) unable to right themselves or 

walk. At these observation time points, the proportions of ticks capable only of some 

movement of the legs was higher after 120 s of exposure as compared with 10 s of exposure 

to treated textile (Fisher’s Exact 2-tailed Test; P < 0.001 for either 15 or 30 min after 

contact). Conversely, ticks displayed normal movement more commonly after 10 s exposure 

as compared with 120 s exposure (P ≤ 0.01 for either 15 or 30 min after contact), but none of 

the ticks displaying normal movement ascended onto a finger (Fig. 6).

At 1–2 h after contact, the vast majority of ticks (> 80% regardless of exposure time) were 

capable of some movement of the legs but not able to right themselves or walk. However, in 

striking contrast to the 0–30 min time points, ∼60% of ticks (n = 8) that displayed normal 

movement at 1–2 h after exposure now ascended onto a finger. At 8 h after contact, most 

ticks (43–83% across exposure times) still were capable of some movement of the legs, but 

an increasing number (17–30% across exposure times) were now completely motionless. 

Very few (n = 2) ticks displayed normal movement at this post-exposure time point.

One day after contact, most ticks (50–67% across exposure times) were completely 

motionless. However, an increasing proportion (27%) of ticks from the group with the 

shortest (10 s) exposure time now displayed normal movement and 6 of the 8 active ticks 

ascended onto a finger. Significantly fewer (0%) ticks from the group with the 120 s 

exposure time, as compared with the 10 s exposure time, displayed normal movement 1 d 

post-exposure (P = 0.005). Results for tick vigor 2–3 d post-exposure were similar to those 

seen 1 d post-exposure, with the majority of ticks completely motionless (60–87% across 

exposure times) and normal movement seen only for ticks with exposure times ≤60 s.

Seven days after exposure to the permethrin-treated textile, all ticks either displayed normal 

movement, including willingness to ascend onto a finger, or were completely motionless. 

Ticks exposed to treated textile for 120 s were less likely (10%) to display normal movement 

7 d later than those exposed for 10 s (40%) (P = 0.02).
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3.6. Toxicity bioassay: vigor of laboratory-reared ticks of different generations and field-
collected ticks at 1 and 24 h after 1-min contact with permethrin-treated textile

Continuous contact for 1 min with permethrin-treated textile resulted in uniformly low 

proportions (0–2%) of laboratory-reared nymphs displaying normal movement 1 h post-

exposure, regardless of whether the ticks were of the first, second, or third laboratory 

generation (Table 5). Albeit based on a very small sample size, field-collected nymphs 

appeared to be more likely (30%) to display normal movement at the 1 h post-exposure time 

point. However, only 1 of the 3 field-collected nymphs displaying normal movement 

ascended onto a finger. At 24 h post-exposure, the proportion of nymphs displaying normal 

movement was similar (15–20%) for field-collected nymphs (CT-field) and first generation 

laboratory nymphs from the same general area (CT-15).

4. Discussion

To improve our knowledge of how permethrin-treated textiles impact the vigor and behavior 

of nymphal I. scapularis ticks, we developed a suite of new bioassays and a refined 

classification scheme for tick vigor after exposure to a permethrin-treated textile. Our first 

objective was to examine whether permethrin-treated textiles protect against nymphal ticks 

through non-contact spatial repellency or contact irritancy. Ticks approaching a textile 

impregnated with a strong non-contact spatial repellent (DEET) very rarely made physical 

contact with the treated textile (Tables 1 and 2). In striking contrast, ticks readily walked 

onto a permethrin-treated textile. We conclude that permethrin-treated textile appears to have 

minimal non-contact spatial repellency for I. scapularis, which agrees with field observations 

on the closely related I. pacificus tick (Lane, 1989).

Our next objective was to devise an assay mimicking a scenario where a host-seeking tick 

makes initial contact with a vertically oriented permethrin-treated clothing article, for 

example a pant leg or the arm of a long-sleeved shirt. Laboratory-reared ticks became visibly 

agitated, displaying a hot-foot effect, and escaped contact with the permethrin-treated textile 

by tumbling downwards until they dislodged themselves completely from a textile-covered 

assay card (Table 3; Fig. 4). This finding agrees with a study showing that humans having 

laboratory-reared I. scapularis nymphs introduced directly onto per-methrin-treated shoes 

were 74 times less likely to receive a tick bite as compared with humans having ticks 

introduced onto non-treated shoes (Miller et al., 2011). Albeit based on a small sample size, 

field-collected nymphs appeared to display a weaker contact irritancy response than 

laboratory-reared ones, leading to more prolonged contact with the permethrin-treated textile 

for the field-collected ticks. However, by 1 and 24 h post-exposure very few ticks displayed 

normal movement, thus presenting minimal risk to bite, regardless of whether they were 

reared in the laboratory or collected in the field (Table 3). We speculate that ticks stunned by 

contact with permethrin-treated garments are prone to be dislodged from the clothing and 

fall off the host because they are unable to actively grip the textile fibers.

The reason for a weaker contact irritancy response in field-collected ticks is not clear. One 

marked difference between the laboratory-reared and field-collected I. scapularis nymphs 

used in our assays is that the former ticks continuously were kept under optimal temperature 

and humidity conditions from the egg stage to the nymphal stage, whereas the field-collected 
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ticks were exposed to highly variable temperature and humidity conditions, including having 

overwintered either as fed larvae or unfed nymphs. It is conceivable that tick development 

under natural environmental conditions may result in anatomical or physiological 

manifestations − for example in the thickness or chemical composition of the exocuticle or 

the cuticulin or wax layers of the epicuticle − resulting in slower absorption of the 

permethrin through the cuticle to reach its voltage-gated sodium channel target sites 

compared to ticks having developed under constant and optimal laboratory conditions. A 

related question is how the lipophilic permethrin contacted via a treated textile specifically 

enters the tick’s tarsi, legs, body, and capitulum through the cuticle or via sensilla to reach 

the target sites. The physiological age of the laboratory-reared nymphs (4–5 mo post-molt) 

and the field-collected nymphs (unknown) used in our assays also very likely differed, which 

may have impacted their susceptibility to permethrin. Previous studies on the closely related 

I. ricinus and Ixodes persulcatus tick species indicated positive associations between 

physiological age and susceptibility to various pesticides (Rupes et al., 1972a, 1972b, 1977; 

Uspensky and Repkina, 1974; Uspensky and Ioffe-Uspensky 2006). Moreover, positive 

associations between physiological age and susceptibility specifically to permethrin have 

been documented for hard ticks of other genera (Heller-Haupt and Varma, 1982). Finally, 

permethrin resistance also could be a factor if field-collected nymphs come from localized 

areas experiencing high enough pyrethroid pressure to conceivably result in resistance 

development.

Our final objective was to assess tick vigor and behavior at various time points after 

exposure to permethrin-treated textile (Table 4; Figs. 5 and 6). Immediately following a 10–

120 s exposure to permethrin-treated textile, I. scapularis nymphs displayed normal 

movement and oriented toward a human finger stimulus. However, they did not ascend onto 

the finger when given the opportunity. We speculate that this failure at even attempting to 

locate a feeding site and bite resulted from the ticks already being impacted by the 

permethrin. As time progressed in the first hour after exposure, an increasing proportion of 

ticks became incapable of normal movement and instead were limited to weak and 

uncoordinated movement or only some movement of the legs, indicative of permethrin 

reaching its target sites and inhibiting movement. At 1 h after exposure, < 5% of ticks 

displayed normal movement. This pattern persisted through 8 h after exposure, at which 

point in time an increasing number of exposed ticks were completely motionless. One day 

(24 h) after exposure to the treated textile, a majority of ticks were completely motionless. 

Similar slowly developing toxic effects, termed “slow-death syndrome”, were previously 

described for I. persulcatus ticks topically exposed to the pesticides DDT and fenthin 

(Uspensky and Ioffe-Uspensky, 2006). However, ticks having recovered normal movement 1 

d after exposure in our study most often ascended onto a finger when given the opportunity 

(and presumably also were capable of biting). Another notable finding is that the percent of 

ticks displaying normal movement continued to increase from 1 to 7 d after exposure as ticks 

continued to recover from sub-lethal permethrin exposures (Fig. 5). Similar recovery over 

time from sub-lethal pesticide exposure was described previously for I. persulcatus ticks 

(Uspensky and Ioffe-Uspensky, 2006).

Ticks exposed to permethrin-treated textile for 120 s were more impacted than ticks exposed 

for 10 s. Recovery to normal movement did not occur until 4–7 d after exposure for ticks 
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with a 120 s exposure, whereas ticks with a 10 s exposure began to recover and display 

normal movement 1 d after exposure. In a real-life scenario, prolonged periods of time 

where ticks having fallen off a human host after contact with permethrin-treated textile are 

unable to move will undoubtedly increase the risk of mortality due to desiccation or 

predation. Similar studies on the vigor and behavior of field-collected ticks at various points 

in time after exposure to permethrin-treated textile would be of interest.

In addition to the source of ticks and their physiological age, some other issues should be 

discussed in the context of limitations of the bioassay results described here. Although our 

refined classification of tick vigor promotes standardized, more easily understandable 

determination of the physical status of a tick after exposure to a permethrin-treated textile, 

there is still potential ambiguity in the distinction between a tick that can right itself but is 

unable to move its legs in a coordinated way versus a tick displaying normal movement. We 

solved this by introducing a human finger to provide a strong stimulus for directed 

movement. Allowing ticks to ascend onto the tip of the finger provides further evidence of 

normal host-seeking behavior. In addition to potential differences in attractiveness of fingers 

belonging to different individuals, this could be problematic when using field-collected ticks 

with a high probability of being infected with human pathogens rather than non-infected 

laboratory colony ticks.

Another issue to consider is how our bioassays relate to a real-life scenario where host-

seeking ticks encounter humans wearing perme-thrin-treated clothing on some part, or parts, 

of their body. The contact irritancy and toxicity assays provide a reasonable approximation 

of what a tick experiences if it makes initial contact with permethrin-treated clothing rather 

than bare skin. A scenario more difficult to address in a bioassay is when a tick makes initial 

contact with bare skin and subsequently approaches loose-fitting summer-weight 

permethrin-treated garments such as shorts or a T-shirt. In this case, the tick may walk 

underneath the treated textile and be contacted primarily from the dorsal side as the person 

moves and the clothing comes in and out of contact with the tick and the person’s skin. To 

some extent, this could be addressed in a variation of the toxicity assay where treated textile 

is placed in contact with the dorsal side of the tick for specified periods of time.

A final issue is that we cannot be certain that a previously permethrin-exposed tick that 

ascends onto a finger ultimately is capable of biting and feeding. The study by Miller et al. 

(2011) using human volunteers allowing themselves to receive tick bites showed that the 

majority of attached nymphs died within hours of their attachment on individuals wearing 

summer-weight permethrin-treated clothing, but it is not clear whether this resulted from 

delayed toxic effects from permethrin exposure before they attached or from being contacted 

by treated clothing after attaching. An animal model will ultimately be required to clarify 

whether ticks that display normal movement and ascend onto a human finger after exposure 

to permethrin-treated textile also are able to bite and feed.

Similar to the inadequate state of knowledge for non-contact spatial repellents (Eisen and 

Gray, 2016), there is much still to learn about how well realistic use of different types of 

permethrin-treated clothing articles protects against tick bites. Permethrin-treated military 

uniforms that cover most of the body were shown to reduce tick bites by > 95% in Germany 
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(Faulde et al., 2008, 2014) and long-sleeved permethrin-treated uniforms for outdoor 

workers reduced tick bites by > 80% in the first year after treatment in the eastern United 

States (Vaughn et al., 2014). Similar prospective studies unfortunately still are lacking for 

summer-weight permethrin-treated clothing worn around the home in the summer, such as 

socks, shorts and T-shirts.
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Fig. 1. 
Examples of tick postures after exposure to permethrin-treated textile (left) and normal 

movement posture (right).
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Fig. 2. 
(A) Vertical (45° angle) bioassay where ticks are challenged to approach and cross a 

permethrin-treated textile strip to reach a human finger stimulus. (B) Horizontal choice 

bioassay where ticks are challenged to approach and cross non-treated versus permethrin-

treated textile surfaces in order to reach a human finger stimulus.
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Fig. 3. 
(A) Vertical (45° angle) bioassay to evaluate contact irritancy when ticks are placed upon 

per-methrin-treated textile. (B) Horizontal toxicity bioassay where ticks are held in 

continuous contact with permethrin-treated textile.
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Fig. 4. 
Percentages of laboratory-reared I. scapularis nymphs (CT 15) remaining on test textiles 

over a 5-min period in vertical contact irritancy assays with non-treated and permethrin-

treated textiles positioned at 45 or 90° angle.
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Fig. 5. 
Percentages of laboratory-reared I. scapularis nymphs (CT 15) displaying normal movement 

at various points in time from 15 min to 7 d after exposure to permethrin-treated textile for 

durations ranging from 10 to 120 s. Control ticks held in contact with non-treated filter paper 

for 120 s uniformly displayed normal movement across all post-exposure observation time 

points.
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Fig. 6. 
Percentages of laboratory-reared I. scapularis nymphs (CT 15) displaying normal movement 

that ascended onto a human finger at various points in time from 0 min to 7 d after exposure 

to permethrin-treated textile.
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Table 5

Results of a toxicity assay where I. scapularis nymphs of variable origin were held in continuous contact with 

a non-treated filter paper or textile surface or a permethrin-treated textile for 1 min and subsequently assessed 

for vigor at 1 and 24 h after exposure.

Tick source and vigor 1 h after exposure 24 h after exposure

Non-treated control surface Permethrin-treated textile Non-treated control surface Permethrin-treated textile

Field-collected nymphs (CT-field)

No. examined 10 10 10 10

No. (%) displaying any 
movement

10 (100) 3 (30) 10 (100) 2 (20)

No. (%) displaying normal 
movement and response to 

stimulusa

10 (100) 3 (30) 10 (100) 2 (20)

1st laboratory generation nymphs 

(CT15)b

No. examined 40 40 40 40

No. (%) displaying any 
movement

40 (100) 38 (95) 40 (100) 12 (30)

No. (%) displaying normal 
movement and response to 

stimulusa

40 (100) 1 (2) 40 (100) 6 (15)

1st laboratory generation nymphs 
(MN15)

No. examined 10 10 20 20

No. (%) displaying any 
movement

10 (100) 1 (10) 20 (100) 4 (20)

No. (%) displaying normal 
movement and response to 

stimulusa

10 (100) 0 (0) 20 (100) 1 (5)

2nd laboratory generation 
nymphs (CT14)

No. examined 9 10 9 10

No. (%) displaying any 
movement

9 (100) 2 (20) 9 (100) 2 (20)

No. (%) displaying normal 
movement and response to 

stimulusa

9 (100) 0 (0) 9 (100) 0 (0)

3rd laboratory generation nymphs 
(CT13)

No. examined 10 10 10 10

No. (%) displaying any 
movement

10 (100) 8 (80) 10 (100) 2 (20)

No. (%) displaying normal 
movement and response to 

stimulusa

10 (100) 0 (0) 10 (100) 1 (10)

a
Excluding ticks capable of some movement of the legs but not able to right themselves or walk and ticks capable of righting themselves but not 

able to move in a coordinated way or orient toward a stimulus.

b
Including data from Table 4.
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